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Abstract. Photosynthesis operates at the bottom of the food chain to convert the energy of
light into carbohydrates at a remarkable global rate of about 130 TW. Nonetheless, the overall
photosynthetic process has a conversion efficiency of a few percent at best, significantly less
than bottom-up photovoltaic cells. The primary photosynthetic steps, consisting of light
harvesting and charge separation, are often presented as having near-unity quantum efficiency
but this holds only true under ideal conditions. In this Review, we discuss the importance of
energy loss processes to establish robustness in photosynthetic light harvesting. Thermal
energy dissipation of light-harvesting complexes in different environments is investigated and
the relationships and contrasts between concentration quenching of high pigment
concentrations, photoprotection (non-photochemical quenching), quenching due to protein
aggregation, and fluorescence blinking are discussed. The role of charge-transfer states in light
harvesting and energy dissipation is highlighted and the importance of controlled protein
structural disorder to switch the light-harvesting antennae between effective light harvesters
and efficient energy quenchers, is underscored. The main light-harvesting complex of plants,
LHCII, is used as prime example.
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1. Introduction

When exposed to different types of stress conditions, such as too high or too low temperatures, too
little water, or too much absorbed light, the photosynthetic apparatus of plants, algae and
cyanobacteria thermally dissipates a considerable fraction of the absorbed solar energy. Although this
excessive amount of energy loss may be considered a major problem for bio-inspired solar
technologies, it is important to view the ‘problem’ in a broader context and recognize the large variety
of notable design principles. Obviously, photosynthetic organisms are more concerned about survival
(i.e., fitness) than high biomass production (i.e., growth). For this reason, a vital property of the
photosynthetic apparatus is functional robustness despite constantly fluctuating environments (i.e.,
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disorder) on all levels of organization. Solar technologies based on low-cost molecular materials, such
as polymers, organic semiconductors, and nanoparticles, face similar challenges of fluctuating
environments and phototoxicity and may benefit greatly when steered by the design principles on
which natural photosynthesis is operating.

Before highlighting some important functional aspects of thermal energy dissipation during the
primary photosynthetic steps, the composition, characteristics and context of the photosynthetic light-
harvesting apparatus will be introduced.

The basic light-harvesting apparatus of photosynthetic organisms consists of a reaction center (RC),
the site where photochemistry takes place, surrounded by a network of light-harvesting antennae,
forming a unit known as the photosystem (PS). This design ensures a large effective absorption cross
section for each RC, thereby concentrating the incident excitations and providing an optimal
photochemical turnover rate. Most photosynthetic organisms have two photosystems, called PSI and
PSII. The RC of PSllI is responsible for splitting water on the luminal side of the membrane and, using
the energy of absorbed photons, it transfers the resulting electrons to a plastoquinone molecule. After
a series of redox reactions, additional protons are enzymatically transferred through the membrane to
the luminal side and electrons are transferred to the PSI RC. In summary, excitations are converted
into a transmembrane proton and electron gradient, which is later used in the formation of ATP and
NADPH (in oxygenic organisms) or NADH (in anoxygenic organisms), respectively, all of which are
energy-rich molecules.

A light-harvesting antenna consists of a collection of pigments held in fixed positions and orientations
typically by a protein. The pigments not only interact with one another but also with the protein. Both
types of interactions may significantly alter their spectroscopic and light-harvesting properties. The
protein constitutes a highly heterogeneous dielectric environment, exposing each pigment (bound at a
specific site) to a unique charge density, which tunes the pigments’ transition energy or ‘site energy’.
This modification in turn changes the inter-pigment couplings. In addition, the protein is a highly
dynamic structure, exhibiting glass-like disorder on timescales ranging from sub-ps to s. The fast,
collective, nuclear vibrational modes of the protein and pigments, known as phonons and often
referred to as ‘dynamic disorder’, interact with the electronic excited states of the pigments, resulting
in homogeneous broadening and energy shifts due to reorganization/solvation effects. The relatively
slow protein structural fluctuations, known as “static disorder’, have a greater amplitude than phonons
and may alter the light-harvesting efficiency of the pigment-protein complex. Specifically, static
disorder generally gives rise to time-dependent fluctuations of the pigment site energies, and strong
pigment binding to a moving protein residue introduces time-dependent changes in the inter-pigment
couplings.

Let us consider the main light-harvesting complex (LHC) of plants, LHCII, to discuss one type of
important energy loss process during light harvesting. This antenna complex naturally assembles into
a three-fold symmetric structure (i.e., trimer) of identical subunits (i.e., monomers), each containing
14 chlorophyll (Chl) and 4 carotenoid (Car) pigments [1, 2]. The large conjugated ring of Chl supplies
the molecule with a large absorption cross section and rigid structure. Only a relatively small
modification of the ring is necessary to introduce large shifts in the transition energies. For example,
the only difference between Chl a and Chl b is the identity of the small side chain R shown in figure
1(a), but this difference translates into a shift of 0.085 eV (30 nm) of the lowest electronic transition,
also known as Q, (figure 1(b)). The spectral tuning produced by the LHCII protein further increases
the absorption spectral window of LHCII, creating an energy manifold (figure 1(c)). This natural
gradient allows an excitation to rapidly relax to the site within the complex with lowest energy. The



complexes are designed such that the lowest energy site is often located at the periphery,
neighbouring other antenna complexes or the RC, thereby creating the important property of
unidirectional excitation energy transfer. Energy relaxation along a gradient is obviously achieved by
dissipating the amount of energy equal to the difference between the incident photon energy and the
lowest site energy. But this partial energy dissipation considerably decreases the time for an excitation
to reach the RC. Establishing unidirectional energy flow is therefore critically more important than an
attempt to minimize energy loss. More generally, a non-equilibrium state, such as an excitation in a

light-harvesting device, performs useful work when stabilized behind a barrier caused by heat
dissipation [3].
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Figure 1. (a) Chemical structure of Chl a and b. In gray are shown the directions of the Q, and Q,
transition dipole moments. (b) Room-temperature bulk absorption spectrum of Chl a (green solid line)
and Chl b (blue dashed line) in ethanol, normalized to the Soret peak maxima. (c) Site energy
manifold of the Chls in a monomeric subunit of LHCII according to [4]. The values of the highest and
lowest energy levels are shown. (d) Molecular structure of a monomeric subunit of LHCII at a stromal
view, i.e., from the top of the thylakoid membrane. Data is based on the X-ray crystallographic model
of [2] at a resolution of 2.72 A and the nomenclature used in [2] is indicated for all Chls and Cars.
Chls a and b are depicted in green and blue, respectively, and only the chlorin rings are shown. The
protein is displayed as four interconnected gray ribbons, and the four Cars are indicated by L1, L2,

Neo, and Vio. Two Chl clusters that are discussed in the text are encircled, viz., 603—-609 and 610—
611-612.

Another important function of energy loss is in the context of photoprotection. It is noteworthy that a
constant energy throughput is maintained at the photochemical RC despite the frequent occurrence of
solar intensity fluctuations of several orders of magnitude incident on, e.g., a leaf during the day [5].
The constant energy throughput, which is synchronized with the RC’s turnover rate, is realized by the
PSs constantly adapting to the incident light intensity, thereby limiting the formation of harmful



photoproducts, such as reactive oxygen species formed during high excitation rates [6]. Rapid changes
in the incident photon flux are accounted for by small structural changes of one or more of the light-
harvesting proteins to open up energy dissipation pathways [7]. Slower intensity fluctuations are
commonly dealt with by varying the antenna size, i.e., changing the effective absorption cross section
for each PS, a phenomenon known as state transitions. This remarkable regulated behaviour leads to a
strong reduction in the fluorescence that can be observed from plants and is therefore referred to as
non-photochemical quenching (NPQ) of Chl a fluorescence.

The two above-mentioned examples indicate two functionally vital types of (partial) excitation energy
loss in the LHCs of oxygenic organisms. In this Review, we will focus on the unique property of
critically high pigment densities in most photosynthetic LHCs and how this not only leads to
delocalized excitation states with unique properties but also indispensably results in energy losses. We
focus mainly on LHCII and investigate the molecular details of energy dissipation phenomena
observed under various conditions, specifically upon protein aggregation and when the complexes are
illuminated and detected individually. The possible molecular mechanisms of these processes are
compared with NPQ and the phenomenon of concentration quenching of high Chl densities. We
illustrate how protein static disorder can be revealed using single-molecule spectroscopy approaches
and how this property is regulated functionally by photosynthetic organisms to equip them with
environmentally controlled pigment-protein switches. In summary, the high pigment densities in
photosynthetic LHCs are an ingenious design principle that provides the organisms with a robust and
adaptable light-harvesting capacity.

2. Photosynthetic excitons

A remarkable property of most photosynthetic LHCs is their exceptionally high pigment density. For
example, the Chl concentration in LHCII is ~0.25 M [2] (although concentrations of >0.33 M are
often reported in literature — e.g. [8]), which is equivalent to average nearest-neighbour Chl-Chl
separations of <11 A [2]. Center-to-center separations as short as 8 A are found for some Chl pairs in
LHCII [2]. This design not only ensures an optimal effective absorption cross-section but the resulting
strong inter-pigment couplings (up to ~110 cm™) [4] also give rise to new physical states, known as
Frenkel excitons, whereby an excitation is delocalized over a number of strongly interacting pigments
and hence coherently shared amongst those pigments [9]. Excitons introduce important, new
functions. Energy relaxation amongst exciton states not only occurs faster than resonance energy
transfer between individual pigments but excitons also speed up energy relaxation along an energy
gradient due to the reduced number of steps required [10, 11]. Even in the case of isoenergetic energy
migration between LHCs and the RC, the number of pathways that need to be explored is significantly
decreased in the exciton picture than when considering excitations localized to individual pigment
sites. As a consequence, energy migration times are significantly shorter and the quantum efficiency
is enhanced. PSI, containing a network of ~200 Chls, transfers excitation energy within 20-30 ps to
the RC [12], whereas the larger PSII-LHCII supercomplex requires only a slightly longer time (30-50
ps) to do the same [13-15]. These time scales are 100 times faster than the intrinsic decay lifetime of a
Chl electronic excited state of ~4 ns in a protein environment such as LHCII, lending these complexes
near-unity quantum efficiencies for trapping the absorbed solar photon.

Due to their extended nature, excitons are much less affected by excitation traps due to single site
defects in the antenna network than are localized excitations. This general way of avoiding the
adverse effects of disorder is significantly more economic than creating a defect-free, crystalline



material. However, disorder tends to localize excitations due to exciton-phonon coupling, which, in
photosynthetic LHCs, is of the same order of magnitude as typical inter-pigment coupling strengths.
The result is a reasonably short exciton delocalization length of typically 2—4 pigments [16], which is
sufficiently small to provide the complexes with the necessary functional dynamicity, for example to
probe different possible energy transfer pathways and switch between light-harvesting and
photoprotective states.

Two excitonically coupled clusters in LHCII that will be considered in this Review are shown in
figure 1(d). We will show that the cluster of three Chls near lutein L1 is strongly involved with NPQ,
while the cluster of two Chls near lutein L2 gives rise to charge-transfer states, which significantly
lower the exciton energies.

3. Concentration quenching

For pigment densities as high as those occurring in most photosynthetic antenna complexes it is not
trivial to have efficient energy transfer without significant losses. It was demonstrated over 40 years
ago that when free Chls are solubilized at a concentration of >0.1 M, effectively all excitations are
rapidly quenched due to a process known as concentration quenching or self-quenching [17]. In
contrast, photosynthetic LHCs circumvent this type of quenching by a precise arrangement of their
pigments in the protein matrix. One important question, which is rarely posed, though, is whether
concentration quenching is really completely prevented in the natural protein host, or, more generally,
whether it may actually be used to play a photoprotective role. To address this question, we will first
investigate the possible molecular mechanisms of concentration quenching and NPQ and thereafter
consider the role of protein disorder.

In the 1970s, Sir George Porter studied the phenomenon of concentration quenching extensively. By
means of careful experiments on Chls and other pigment molecules in various environments he
successfully ruled out a number of possible molecular mechanisms. First, due to the particular
quadratic dependence of the fluorescence yield on the pigment concentration, intersystem crossing,
multi-excitation annihilation and collisional quenching could be excluded as quenchers [18]. Second,
impurities as energy traps are highly unlikely due to the independence of the quenching rates on
different solutes and on the addition of impurities to the solution [18, 19]. Third, Chl aggregation
generally leads to spectral changes, which were not observed in the concentration quenching studies
of Chl. Furthermore, studies of Chls in lipid solvents showed no deviation from Lambert-Beer’s law
[18], also ruling out Chl aggregation as a likely explanation. Nonetheless, Katz and co-workers
promoted the idea of Chl aggregation being the source of fluorescence quenching [20]. Curiously, at
high concentrations, most other pigment molecules tend to aggregate, which is an important
consideration for technologies such as dye-sensitized solar cells. Chls have also been observed to
aggregate in certain solutions (e.g., [20-22]). However, in organic solvents with a dielectric constant
similar to that of proteins, Chls do not aggregate, although pheophytins, which are Chl molecules
without the central Mg ion, do aggregate in organic solvents [18, 23], suggesting an important role of
the Mg ion to prevent Chl aggregation.

Porter attributed concentration quenching to energy transfer to “statistical pairs”, which are non-
radiative excited-state dimers separated less than a critical distance [18]. At this critical distance an
energy trap is formed. In their view, in such a concentrated Chl suspension, an excitation will diffuse
amongst Chls by means of Forster resonance energy transfer until it reaches such a statistical pair,



whereupon the excitation will be quenched. The pairs are called “statistical” because (a) the critical
distance, being smaller than the average intermolecular distance, has a certain statistical probability of
being reached between neighbouring pigments, and (b) an inter-pigment separation less than the
critical distance occurs only for a brief moment, in contrast to permanent Chl aggregates. Based on
the best fit of their data, they determined a critical distance of 10 A for Chls.

Let us consider the average Chl concentration of 0.25 M in LHCII. Solubilized at this concentration
gives an average Chl-Chl center-to-center distance of 10.4 A. When including sizeable variations
around this distance due to kinetic energy and the accompanying statistical speed distribution, a large
fraction of Chls will be within 10 A of their nearest neighbour at any given time and most excitations
will be quenched according to the model and observations of Porter and co-workers.

Although Porter and co-workers eliminated a number of molecular mechanisms, they did not provide
details about the nature of the energy trap within a statistical pair of Chls. Let us investigate some
possibilities. The critical distance of 10 A is much smaller than the van der Waals radius of the Chl
ring of ~14 A and ~16 A along the Q, and Q, molecular axes, respectively. The probability of
reaching the critical distance is therefore highest for a co-facial arrangement of the rings of a Chl
dimer. Such arrangement corresponds to strong excitonic couplings. Furthermore, at this distance,
there is room for only a couple of (small) solvent molecules between the Chls and therefore little
screening of the strong intermolecular coupling takes place. Considering that the average nearest-
neighbour distance of ~10.4 A in LHCII is surprisingly near the critical distance and that the kinetic
energy of the Chls leads to sizeable variations around this value, Chl-Chl separations significantly less
10 A may be expected. However, a strong excitonically coupled Chl dimer does not constitute a non-
radiative energy trap but rather modifies the transition dipole moments. For example, strongly coupled
Chls in a co-facial arrangement leads to a blue-shifted spectrum, since the red-shifted exciton has only
a weak oscillator strength [9, 24].

Chl* + Chl
ChiFFEhlF

Chl + Chl

Potential energy

Chl-Chl separation

Figure 2. Energy surfaces of different states of a Chl dimer, explaining the molecular mechanism of
concentration quenching proposed by [25]. Initially, one of the Chls in the dimer is excited (Chl*, top)
and transfers an electron to the other Chl (A — B). The resulting ion pair attracts each other
electrostatically, progressively decreasing the energy as the inter-nuclear distance decreases (B — C),
and collapses non-radiatively to the ground state (C — D).

Considering that at 10 A, Dexter energy transfer and charge transfer (CT) become likely and transient
changes in polarizability and dipole start to occur, it seems likely that partial or complete electron
transfer from one Chl to another may be involved with the underlying mechanism. This view was



postulated by different groups during the early, extensive studies of concentration quenching [25-27],
partly on the ground that it is energetically feasible (figure 2). Later theoretical studies have indicated
that in photosynthetic LHCs, the energy of CT states is generally close to some of the exciton states
[28, 29]) and it is very likely that the same applies to strongly coupled free Chls. The electrostatic
attraction resulting from the CT state, or ion pair, will draw the Chls even closer together and prolong
their interaction. After rearrangement of the solvent dipoles within a few ps, recombination of the ion
pair takes place and an adiabatic transition to the ground state is made [25]. The latter transition
occurs rapidly if the ground state energy surface crosses near the minimum of the ion pair’s energy
surface (figure 2). Such rapid collapse of the ion pair through internal conversion may explain the lack
of experimental evidence for CT state formation or radical-ion intermediates. However, in the “70s,
laser spectroscopy was limited to the ps timescale and faster processes could not be observed. In a
quest to identify the molecular mechanisms underlying Chl concentration quenching it is advisable to
resume the investigation using modern-day state-of-the art visible-NIR fs spectroscopy techniques.

4. Non-photochemical quenching (NPQ)

In contrast to the stochastic nature of concentration quenching, NPQ is a finely regulated process that
depends on the collective behaviour of several proteins featuring over timescales ranging from
seconds to hours. The fastest component, commonly referred to as gE, takes place in PSII and it is
widely accepted that a prominent part of it takes place in LHCII. NPQ responds as a feedback
mechanism to the transmembrane pH gradient. Such a gradient is formed when the energy delivered
to the PSII RC is faster than the rate of electron transport from PSII to PSI, resulting in a decrease of
the luminal pH. As a result, the LHCs in PSII are protonated [30], one specific Car bound to LHCII,
violaxanthin, is enzymatically de-epoxidized into zeaxanthin [31], and the PSII subunit known as
PsbS is protonated and becomes involved with gE in a way not yet entirely clear [32]. These pH-
induced changes are accompanied by a characteristic Raman signal in LHCII [7], indicating a small
but specific protein conformational change in this complex. The consensus is that protein
conformational changes associated to qE redistribute the energy levels of particular pigments in the
complex, opening energy dissipating channels that would trap the energy transferred amongst the
Chls.

Different possible molecular mechanisms have been proposed, all of which can be reduced to some
particular strong interaction within a pigment dimer, either Chl-Chl or Chl-Car. Two types of energy
traps have gained prominence: A low-lying Car S; state [33, 34] and a CT state formed in a Chl-Chl
dimer [35, 36] or in a Chl-Car dimer [37, 38]. Evidence for the first type of trap was given in the
landmark paper of [34] wherein the results from time-resolved absorption experiments on strongly
guenched LHCII aggregates showed incoherent energy transfer from a low lying Chl exciton state to a
Car S; state, followed by rapid internal conversion. The carotenoid was identified as the lutein L1 in
the atomic structure [2] of LHCII, indicating that the closely coupled exciton state is associated with
the Chl a610-a611-a612 cluster. This model was later corroborated in theoretical studies, which
showed that the particular arrangement of L1 combined with its close contact with the Chl a610-a611-
a612 cluster allowed small configuration changes of L1 to result in fast energy transfer from the Chl
cluster to the short-living S; state of L1 [39, 40]. Due to the close proximity of L1 to Chls a610-
a611-a612, strong coupling between all these pigments is expected and as a result also coherent
mixing between the L1 S, state and the lowest exciton states of the Chl cluster. The latter explanation
was assumed in [41, 42], and later confirmed by two-photon absorption experiments [43] and
guantum-chemical calculations [44].



The hypotheses favouring the second type of energy trap — involvement of a CT state — are currently
only based on peripheral evidence. Holt and co-workers observed a new NIR signal using
femtosecond transient absorption spectroscopy and showed that this signal coincides with the ground-
state absorption spectra of B-carotene and spheroidene radical cations [37]; however, these Cars are
not present in the LHCs of PSII, and, more importantly, no corresponding change in the Chl Q, region
was reported. Holzwarth and co-workers based their interpretation on the characteristic red-shifted
emission that is known to accompany NPQ [35, 36]. Indeed, the low-energy states characteristic of
several different types of LHCs have been effectively explained using models that incorporate
exciton/CT mixed states [45-50]. The generally strong coupling of CT states to phonons gives rise to
sizeable displacements along the nuclear coordinates as compared to the excited states. Exciton-CT
mixing therefore results in a significant redistribution of the dipole moments and the associated
reorganization energy gives rise to a large Stokes shift. The exciton/CT mixed state also borrows
transition dipole strength from the exciton state, whereby it becomes weakly emissive, and it borrows
some of the static dipole from the CT state, whereby the Stark signal increases. Stark fluorescence
spectroscopy confirmed the presence of CT states in strongly quenched LHCII aggregates [51]. In
fact, this study showed evidence for two distinct CT signals, which were attributed to a Chl-Chl and
Chl-Car dimer, respectively, both of which were assumed to be responsible for strong energy
dissipation. However, in all these models causality is assumed, i.e., the simultaneous appearance of
two phenomena implies that one is responsible for the other. It was recently shown that the
temperature-dependent time-resolved fluorescence spectra of strongly quenched LHCII aggregates
can only be adequately interpreted when using a three-state model wherein quenching and red
emission correspond to different states [52]. The latter study confirmed what was earlier concluded
from single-molecule spectroscopy experiments [53], indicating that the emissive exciton/CT mixed
states are not the main quenchers but just happen to be present during gE.

5. Protein Aggregation

It is important to note that most of the above-mentioned studies on possible molecular mechanisms of
gE were not performed on LHCII in its native environment or even on free, isolated complexes, but
LHCII aggregates were used, i.e., large conglomerates of closely spaced complexes. Such aggregates
are generally formed by solubilization of isolated LHCII complexes in a solution resembling the
natural environment, followed by partial removal of the detergent so that the protein-detergent phase
equilibrium is shifted towards larger protein units. This procedure generally leads to the formation of
large three-dimensional aggregate structures. However, a molecular study of NPQ is hardly possible
in vivo, firstly because the effective fluorescence yield is very small (at most a couple of percent) due
to the fast and efficient trapping by the RC, and, secondly, PSI and PSII are competing for the same
photons and display strongly overlapping spectroscopic responses and kinetics. Nonetheless, LHCII
aggregates display numerous spectroscopic features that are also observed for NPQ in vivo, such as
emission around 700 nm [35, 54-56]. The same spectroscopic features were also observed from
isolated, quenched LHCII complexes in a gel matrix and in a crystalline arrangement where only
weak inter-complex interactions were present and no protein aggregation occurred [7, 57]. It was
concluded that the accompanying conformational changes are intrinsic features of each LHCII trimer
and not artificially created by aggregation. Furthermore, freeze-fracture electron micrographs revealed
clustering patterns of LHCII complexes during NPQ, providing evidence that some aggregation
occurs during NPQ in vivo [58].



6. Fluorescence blinking

Considering the high pigment density in LHCII it is not surprising that perturbations may quite easily
result in quenching. In fact, the combination of exceptionally dense pigment packing and the large
amount of protein disorder at physiological temperatures appears to be a perfect recipe for periodic
guenching of the excitation energy. This is exactly what is observed when the fluorescence of
individual LHCII complexes is monitored (figure 3(a)). Due to the stochastic nature of the protein
dynamics, disorder-related fluorescence variations are averaged out when even a small number of
non-interacting complexes are observed simultaneously. However, single-molecule spectroscopy
(SMS) enables the study of fluorescence spectral changes on a time scale where physiologically
relevant conformational changes take place.
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\Figure 3. (a) Example of fluorescence blinking of a single LHCII complex. (b) Weighted probability
distribution of the dwell time in an “off” state (z,) and in an “on” state (z,,,) in an environment

mimicking efficient light-harvesting (LH, black) or qE (red). The weighted probability density of a
dwell time 7 was defined as P(z) = At;yN(r)/ Ny, using the weighting factor Aty =(a+b)/2,

where a and b are the time differences between z and the next longest and next shortest dwell times
with nonzero probability, respectively. N(z) denotes the number of intensity levels with dwell time

7 and Ny is the total number of intensity levels. Least-squares fits (lines), together with the fitting
results, are shown, using equations P(z) oc ™ for quenched intensities (i.e., “off” states) and

P(r) M % for unquenched intensities (i.e., “on” states). Here, m denotes the power-law slope



and 7. the characteristic time after which an exponential behaviour dominates the power-law
behaviour. Standard errors of fits are indicated in brackets. Black data points are offset for clarity.

Figure 3(a) shows the large, rapid, reversible intensity changes that are typically observed when a
single LHCII complex is continuously illuminated with a constant photon flux. This phenomenon is,
however, not unique to LHCII or even pigment-protein complexes in general, but almost any type of
nanoscale fluorescent object is known to exhibit such behaviour, generally known as fluorescence
intermittency or blinking. For semiconductor quantum dots and single dye molecules, the dominant
blinking mechanism involves ionization. For quantum dots, such ionization results from a
photoassisted Auger process [59, 60], while for pigment molecules, long-living, dark radical states are
typically populated via triplet states [61]. Considering the large collection of pigments in LHCII, one
might similarly expect radical states to form stochastically on any one of the pigments, which would
trap all subsequent excitations in the complex. However, such a hypothesis lacks experimental
evidence. Radicals have as yet only been reported from carotenoids in isolated LHCII after very
specific double excitation of the carotenoids using resonant two-colour, two-photon ionization
spectroscopy [62]. Furthermore, carotenoid radical cations may form in one of the photosystems
during NPQ [37], but it is strongly debated whether those cations originate from LHCII. In any case,
the sub-nanosecond carotenoid radical lifetime is much too short to be relevant for the ms — s
dynamics of fluorescence blinking.

In a recent SMS study on LHCs from cyanobacteria it was found that the intensity fluctuations
decreased as the protein rigidity was increased by using cross-linkers, providing strong evidence that
protein static disorder underlies fluorescence blinking in these complexes [63]. It is highly likely that
protein conformational dynamics similarly governs blinking in LHCII, explaining the quasistability of
the fluorescence intensity on timescales of ms —s.

One important question in this context is whether the blinking-related energy traps, which reflect
intrinsically available energy traps, are also used for a functional purpose in the native environment. A
negative answer would imply that unique protein conformations are created during gE, which would
open very specific energy dissipating pathways. This question was addressed by investigating
fluorescence blinking from individual LHCII complexes in the context of NPQ and comparing the
results with the highly homologous monomeric minor complexes that are neighbouring LHCII in PSII
[53, 64]. To this end, different conditions known to be involved with gE in vivo were mimicked.
Specifically, an acidic environment was used, with a pH similar to that found in the lumen during
strong qE conditions; the concentration of the detergent, which mimics the membrane within which
the complexes are naturally embedded, was drastically decreased; and violaxanthin was replaced with
zeaxanthin. For LHCII, the combination of these three environmental changes gave rise to a
significantly longer average dwell time in quenched states (figures 3 and 4). In particular, figure 3(b)
shows the probability density distribution of “on” and “off” dwell times, assuming a two-state model,
where “on” and “off” refer to strongly and weakly emitting states, respectively. “Off” states followed
largely a powerlaw dependence, with a strongly decreasing slope under gE-mimicking conditions,
while the “on” states showed a powerlaw behaviour (with an exponential tail at longer dwell times),
and the powerlaw slope somewhat increased when gE was mimicked. Including also the significant
contribution of intermediate intensity levels, commonly observed from multi-pigment systems, the
intensity probability distributions are shown in figure 4(a), and the shift to quenched states is evident
in the gE-mimicking environment. When including the so-called dim fraction — intensity traces of



complexes whose “on” states were related to a significantly lower intensity as those shown in figure
4(a) — promotion of quenched states became even more prominent (figure 4(c)). For the minor
peripheral antenna complexes of PSII, an entirely different environmental response to gE-related
conditions was found. When excluding the dim fraction, the equilibrium between quenched and
unquenched states showed the opposite response as for LHCII (figure 4(b)); when including the dim
fraction, the intensity distribution largely broadened and the population-average intensity was found
to be independent of the environmental conditions (figure 4(d)).
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Figure 4. Intensity distributions of an ensemble of individually measured (a) LHCII trimers and (b)
CP29, representative of the minor antenna complexes of PSII. Distributions are displayed for an
environment mimicking low light (light harvesting, LH, open histograms) and high light (quenching,
gE, filled histograms) conditions, including in the analyses only complexes that displayed a high
maximum intensity [53]. (c) and (d) show intensity distributions under the same conditions, but
where the dim fraction of complexes were included in the analyses [64].

The results in figures 3 and 4 strongly suggest a direct relationship between fluorescence blinking and
gE that is specific for LHCII, i.e., the molecular mechanism underlying fluorescence blinking in
LHCII plays an important role in NPQ. In other words, an intrinsically available thermal energy
dissipation state is used for the purpose of photoprotection and the probability of accessing this state
is strongly enhanced under NPQ conditions.

A two-state model was developed to describe fluorescence blinking in LHCII, based on structural
diffusion of the protein surrounding the Chls a610-611-612 domain [65, 66]. In this model, the “on”
and “off” states are each represented by a harmonic potential energy surface and switching between
the two states is determined by a random walk of the protein structure, which modulates the
probability of excitation energy transfer from the terminal emitter Chl cluster to the S; state of the
nearby lutein L1, a gE-related energy trap [34]. Using this model, most of the fluorescence blinking
statistics could be reproduced [65-67] and pH-dependent changes in the dwell time probability
distributions (figure 3b) could successfully be accounted for by considering pH-dependent model
parameters, thus providing qualitative support for a connection between fluorescence blinking and gE.



Recent molecular dynamics simulations showed evidence of significant changes in the relative
positions and orientations of L1 and Chls a611 and 612 [68], which beautifully fits the idea of protein
static disorder underlying fluorescence blinking.

Curiously, the largest equilibrium shift to quenched states was observed when reducing the detergent
concentration of surface-bound, well-separated LHCII complexes [53]. Such an environment partially
mimics the effect of aggregation of single LHCII complexes due to the likely small solvent-exposed
unfolding of the protein at its surface [69]. The strong enhancement of thermal energy dissipation
could be explained by the propagation of such surface changes to physiologically relevant structural
changes in the protein core to increase, for example, Car-Chl coupling in the context of gE.

7. Comparison of different quenching environments

We have indicated a connection between fluorescence blinking and NPQ for LHCII, between NPQ
and LHCII aggregation, and also some resemblance between fluorescence blinking and aggregation.
Although the relationships suggest some commonality in the molecular mechanisms underlying the
different phenomena due to their response to QE-related conditions, the number of possible
mechanisms may vary. For example, additional energy traps are very likely formed in protein
aggregates, such as inter-subunit Chl-Chl quenching, binding of non-functional or denatured
complexes (i.e., defects) that act as energy traps, additional protein conformational changes due to
inter-complex forces, and some degree of unfolding of the protein surface. Considering the high
pigment density in LHCII, subtle protein conformational changes should be sufficient to give rise to
guenching. We need to distinguish between spatial and energetic modifications of the pigments. Due
to the strong distance dependence of dipole-dipole interaction, the probability for energy trapping is
more sensitive to spatial variations of the pigments. Slight compression of LHCII is therefore
expected to increase the quenching probability. Indeed, hydrostatic pressure experiments on isolated
LHCII complexes [70] revealed that energy dissipation and a small red shift of the fluorescence
spectrum are directly correlated with the amount of external pressure exerted on the complexes. A
similar mechanism may partially occur during protein aggregation.

Concerning fluorescence blinking, it has been shown for LHCII [71], bacterial LHCs [72, 73] and
cyanobacterial LHCs [63] that the rate of intensity fluctuations increases as a function of the incident
photon flux, favouring quenched states, suggesting that the underlying mechanism is strongly light-
driven. However, in the cyanobacterial LHC study, blinking was still observed at physiological light
intensities [63]. In addition, there is strong evidence that fluorescence blinking in LHCII is not
specific to a particular SMS environment. For example, blinking was observed when immobilizing the
complexes to a glass substrate using non-specific electrostatic interactions [74] as well as when the
motion of the complexes was counteracted in solution using electrokinetic forces [75]. Furthermore,
when averaging the results of a large population of individually measured complexes, the
photophysical properties, such as the fluorescence lifetime, triplet yield, and fluorescence lineshape,
were the same as those obtained from bulk studies [53, 76]. It may be argued that static disorder is
less prominent when the complexes are not isolated but part of a PS due to inter-complex interactions
that may restrain some of the protein degrees of freedom. However, a recent SMS study on whole
PSII-LHCII supercomplexes shows that fluorescence blinking occurs in the individual LHCs despite
their interaction in the supercomplex [77]. The above-mentioned studies strongly suggest that the
energy traps responsible for fluorescence blinking should also be present in LHCII in vivo. In a recent
ultrafast multiphoton spectroscopy study on LHCII, a new dark state was discovered and proposed to



be related to the mechanisms underlying fluorescence blinking as well as the strong quenching
exhibited by LHCII aggregates [78].

Is there any relationship between gE and concentration quenching? For the high pigment densities in
LHCII, inter-Chl distance is an important parameter and small changes may switch the complex
between light-harvesting and energy-trap states. This is also the idea behind the “statistical pair” in
Porter’s model for Chl concentration quenching, which forms below a critical distance. There are two
important differences between solubilized Chls and the pigment arrangement in LHCII, though. First,
the random distribution and kinetics of Chls in solution strongly increase the probability of forming a
statistical Chl pair as opposed to the precise arrangement and motional limitations brought about by
the LHCII protein, which may be finely controlled to establish efficient light harvesting of quenching.
Second, in Porter’s model, only Chl pigments are present, whereas in LHCII, the presence of Cars
adds a few important possibilities for excitation energy traps, in particular due to their dark, short-
living S; states. However, in all the above-mentioned quenching environments, CT states in Chl
dimers appear to be important. In a recent study on bacterial LHCs it was shown that dark, transient
states are accessed during equilibration along an energy gradient, which were attributed to CT states
or polaron pairs in bacteriochlorophyll dimers [79]. It was concluded that the formation of CT states is
unavoidable for the high pigment densities of photosynthetic LHCs and are often used to enhance
unidirectional energy transfer. However, slight shifts in the energy levels of such CT states or the
pigment arrangement may turn the CT states into effective energy traps. A recent SMS study on
cyanobacterial LHCs has provided evidence for a relationship between long-living off states and
strongly red-shifted emission states [63], suggesting a role of CT states in energy quenching for
isolated LHCs containing no Cars. The evidence for prominent CT states as revealed by a Stark
spectroscopy experiment on LHCII aggregates [51, 80] could suggest that the promotion of CT states
is enhanced during aggregation. We conclude that the main mechanism underlying qE probably
involves Chl-Car interactions, while quenching due to CT states, possibly from Chl dimers, may play
a secondary role. It is likely that Nature uses all available energy loss mechanisms for a functional
purpose, including that of concentration quenching, and does this by finely controlling the equilibrium
between accessing and avoiding energy traps.

8. Low-energy emission: control of shade absorption

The static disorder of LHCII also gives rise to a significant amount of spectral diffusion (figure 5). To
shed light on the possible origin of spectral changes, a disordered exciton model, based on modified
Redfield theory [4], was used [81]. In this model, the static disorder was simulated by randomly
varying each Chl site energy, assuming a Gaussian probability distribution around the ensemble-
average values, and thereafter calculating the resulting energy equilibration and steady-state
fluorescence spectrum. A small fraction of realizations of the disorder (1-3%, depending on the width
of the disorder assumed in the model) gave rise to spectral shapes that deviate from the ensemble-
averaged spectrum. These deviating spectral shapes had a maximum intensity that peaked within ~10
nm of the ensemble spectral peak at ~682 nm and corresponded well with the experimentally
measured single-molecule spectra. Relatively small spectral variations can therefore be explained by
site energies variations due to static protein disorder, which in turn determine the specific exciton
states that contribute most to the fluorescence.

Under continuous illumination, a fraction of complexes (~3-5%) reversibly visit spectral states with a
peak wavelength near 700 nm (figure 5(a)) [81, 82], while numerous spectra have been observed at



even longer wavelengths, occasionally with shifts of more than 100 nm to the red [53]! These red-
shifted states cannot be explained by site-energy disorder but require the protein to switch into
particular conformations to invoke special pigment interactions. Curiously, the fraction of complexes
exhibiting emission near 700 nm was found to slightly increase in a gE-mimicking environment [82].
It therefore does not seem coincidental that emission around 700 nm is widely considered to be a
signature of gE [35, 56]. Moreover, besides being promoted simultaneously by gE-conditions, no
other relationship was found between red states and fluorescence blinking. For example, the
fluorescence intensity also fluctuated when red emission was exhibited by the complexes, and the
absolute intensity of the 680-nm and 700-nm states was comparable. It was therefore concluded that
blinking and red emission originate from different sites in LHCII, corroborating the three-state model
of [52]. The lack of causality between the two phenomena can be explained by the conformational
state involved with gE also promoting changes in the site where the 700 nm emission originates [82].
Figure 6 shows how LHCII exists in a dynamic equilibrium between a small number of different
guenched and spectral conformations and shows the most likely sites associated with the different
spectroscopic states. In this model, the protein structural disorder is responsible for frequent switching
between the different quasi-stable states, while the local environment in the L1 and L2 domains
determines which of these states are favoured. As such, fine control of LHCII’s intrinsic switching
capability is established.
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Figure 5. Representative example of time-resolved fluorescence spectra showing large reversible
spectral shifts from (a) a single LHCII complex [81], and (b) a single Lhcal/4 dimeric complex on the
periphery of PSI [83]. The Lhcal/4 dimer remarkably switched off its entire red spectral component.
Fluorescence counts were binned into an integration time of 1 s. Spectra on top are the time averages
of the distinct spectral states indicated by I and Il respectively.
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Figure 6. Three-state dynamic model for the emission from an LHCII subunit, showing the most
likely sites of origin for different spectral features. Specifically, the LHCII monomeric structure [2] in
an unquenched state exhibits emission at ~682 nm, red-shifted emission most likely originates from
the formation of a CT state in a Chl dimer close to lutein L2 (top right) [81, 83], while fluorescence
blinking and gE mostly originate from coupling between the terminal emitter Chl cluster and the
lutein L1 (bottom left) [34]. The black arrows represent transitions between different states, with the
thickness giving a qualitative indication of the frequency of occurrence. The straight, red arrows
signify strong interactions; the curved arrow indicates a configurational twist of the carotenoid
neoxanthin.

Although relaxation along an energy gradient in LHCs may be considered an energy loss process, it is
remarkable that a large number of photosynthetic LHCs are known to enlarge their absorption
bandwidth into the red due to the presence of so-called red pigments that absorb light at lower
energies than utilized by the RC [12, 48]. A similar property is unlikely for semiconductors, which
would mean that photons with energy smaller than the bandgap should be absorbed and utilized
efficiently. Plant PSI contains two peripheral LHCs that have fluorescence spectral peaks beyond 720
nm, despite their proteins and chromophore content being remarkably similar to that of LHCII [12]. It
has been established that the red emission in these two LHCs originates from exciton/CT mixing in
the Chl dimer 603-609 [45, 46, 84-86]. In LHCII, the distance between these two Chls is slightly
larger, mainly due to their specific protein microenvironment. Specifically, in LHCII, Chl 603 is
bound by the aminoacid histidine, while the pigment at the same site in PSI complexes is bound by an
asparagine [2, 87].

SMS measurements on peripheral LHCs from PSI have demonstrated that these complexes are
capable of reversibly switching off the CT character of the Chl 603-609 dimer (figure 5(b)) [83]. It
was demonstrated that such behaviour is possible when the Chl-Chl distance is increased by as little
as 0.74 A [88]. This suggests that only a subtle protein structural change is necessary to achieve such
dramatic spectral tuning and hence also the capability of the complexes to absorb low-energy photons.
The functional significance of this behaviour can be appreciated by considering that almost all visible
light is absorbed by a single leaf, so that shade light contains an exceptionally high ratio of near-
infrared (i.e., >700 nm) photons. We conclude that the amount of shade light absorption by PSI and
PSII is controlled by the specific protein microenvironment of the Chl 603-609 dimer through subtle
structural changes brought about by the nature of a single amino acid.



9. Conclusion

Although sounding paradoxical, we have explained that energy losses are important in photosynthetic
light harvesting, the main function being to establish robustness. First, partial energy loss due to
down-hill excitation energy transfer along energy gradients ensures a high quantum efficiency by
minimizing complete energy loss (i.e., function-less trapping of an excitation). Second,
photoprotection provides photosynthetic organisms with an amazing adaptability, and hence
robustness, to large environmental changes.

The exceptionally high pigment densities of photosynthetic LHCs provide them with optimal
absorption cross-sections. As a result, in most environments there is a surplus of absorbed light and
the organisms safely dissipate all excess excitation energy in a fast and effective manner. Although
energy losses are unavoidable for such high pigment concentrations, various benefits are provided by
formation of molecular excitons to ensure ultrafast and efficient light harvesting. The indispensable
energy losses are intelligently used by the organisms for photoprotection by establishing specific
environments for the LHCs that control subtle and random protein conformational changes between
light-harvesting and energy dissipating states. Such fine control establishes the probability of
accessing different possible excitation traps in the complex. Carotenoids play an essential role in
photoprotective energy dissipation, while charge-transfer states in pigment dimers also appear to be
important.

Absorption of near-infrared light and subsequent uphill excitation energy transfer are used by various
complexes to enhance light absorption in shade conditions or in environments where near-infrared
light is prevalent. This capability is established by charge-transfer states in some Chl dimers, which
can also be switched off by subtle protein conformational changes that move the Chls apart.

The light-harvesting apparatuses of photosynthetic organisms provide a powerful paradigm in which
energy harvesting is carried out efficiently and robustly, despite their use of irregular, dynamic and
‘defect-filled’ proteins, in contrast to the best nano-engineered materials that are currently used in
solar technologies.
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